On 
O 
O 



Z' boson detection in the Minimal Quiver Standard 

Model 



D. Berenstein 1 * R. Martinez 2 } F. Ochoa 2 Wd S. Pinansky 3 § 
department of Physics, University of California at Santa Barbara, CA 93106 
Oh- 2 Departamento de Fisica, Universidad Nacional de Colombia, Bogota D.C. 

institute of Physics, University of Tokyo, 
Komaba, Meguro-ku, Tokyo 153-8902 Japan 

^ April 2, 2009 

& 

~^t \ Abstract 

> ■ 

\Q ' We undertake a phenomenological study of the extra neutral Z' boson in the Mini- 

mal Quiver Standard Model and discuss limits on the model's parameters from previous 
precision electroweak experiments, as well as detection prospects at the Large Hadron 
Collider at CERN. We find that masses lower than around 700 GeV are excluded by 
the Z-pole data from the CERN-LEP collider, and below 620 GeV by experimental 
data from di-electron events at the Fermilab-Tevatron collider. We also find that at a 

S". | mass of 1 TeV the LHC cross section would show a small peak in the di-lepton and 

top pair channel. 

'x : 

1 Introduction 

Many extensions of the Standard Model (SM) predict new massive, neutral gauge particles 
called Z' bosons (for reviews see [TJ [2]). The detection of a Z' resonance has become a 
matter of high priority to particle physics, because it could reveal many features about any 
underlying unified theory. Indirect searches for these neutral bosons have been carried out 
at LEP by looking for mixing with the Z boson [3] . Experiments into directly producing Z' 
bosons are being performed at the Tevatron [I]- [9]. The potential for discovering Z' particles 
at the forthcoming Large Hadron Collider (LHC) has been explored in the Mz 1 ~ 1 — 5 TeV 
range [10]- [H]. The search for this particle using the planned International Liner Collider 
(ILC) has also been explored [15] . 
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There are many theoretical models which predict a Z' mass in the TeV range, where the 
most popular are the E 6 motivated models [TJ [16], the Left-Right Symetric Model (LRM) 
[TT] . the Z' in Little Higgs scenario [18], and the Sequential Standard Model (SSM), which 
has heavier couplings than those of the SM Z boson. Searching for Z' in the above models 
has been widely studied in the literature pQ and applied at LEP2, Tevatron and LHC (a 
recent review on the current status of Z' physics can be found in [2]). In particular, a string 
inspired model was recently proposed which predicts a single extra Z' boson with specific 
couplings to the standard model matter [19] . 

This Minimal Quiver Standard Model (MQSM) is the simplest quiver gauge theory that 
both contains the standard model and which could arise as the low-energy effective gauge 
theory of a perturbative D-brane model in string theory. Stacks of N coincidental D-branes 
can give rise to gauge groups of the form U(N), SO(N) and Sp(N) (those with a large 
N limit), and strings stretching between these branes carry charges in the bifundamental 
representations of these groups (a review of string constructions can be found in [20]). Quiver 
diagrams give a pictorial representation of these setups. The quiver diagram assigns a graph 
with marked edges to a given field theory. The nodes represent gauge groups and the edges 
represent matter with fundamental or antifundamental representations of the gauge group 
at each end of the edge (these are some of the low lying open string states connecting the 
stacks of branes). An edge with two ends of the same group is a tensor with two indices 
(each of which can be fundamental or antifundamental) under the gauge group. The effective 
low energy theory of this effective brane-world scenario is a quiver gauge theory with only 
bifundamental matter fields. Simply enumerating the smallest possible quivers shows that 
the simplest example of a quiver gauge theory that could come from a D-brane model is the 
one shown in figure 1 with gauge group U(3) x Sp(l) x U(l), which we will call the MQSM. 
In the figure, each node represents a gauge group and each arrow a fermion transforming in 
the bi-fundamental representation of the nodes to which it is attached. The Higgs can also 
be accommodated as an extra scalar field, shown as a dashed line in the figure. The labels of 
the edges indicate the corresponding matter field names in the ordinary standard model (qi 
indicate the quark doublets, £l indicate the lepton doublets, etc). The SP and SO groups 
arise from systems with unoriented strings. These are also usually called orientifolds. This 
enables us to obtain the right hypercharges for both right and left-handed quarks with only 

3 total gauge groups, because the string modes for up and down quarks might have different 
orientations at the non QCD end. A summary of one generation of the particle spectrum is 
given in table 1. 

A careful analysis of the anomalies of the theory shows that one of the two overall C/(l)'s 
is the standard hypercharge, and the orthogonal combination is anomalous. In a pure gauge 
theory, this would be a serious problem. However in the context of an effective D-brane 
model this mixed anomaly is cancelled by a Green-Schwarz mechanism. This requires an 
extra axionic particle which arises from the closed string gravity sector and which transforms 
inhomogeneously under the gauge transformations. This has the side-effect of giving an 
explicit mass term for the associated gauge boson which is dependent on the specifics of 
the background geometry of the string theory. Hence the MQSM has one single particle 
beyond the Standard Model, a massive neutral gauge boson. These extra Z' bosons can 
not be avoided in D-brane models [21] (see also 1221). Moreover, the anomaly cancellation 
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mechanism requires dimension five operators in the Lagrangian, so a direct observation of 
such a Z' particle would predict a low string scale in order to unitarize the theory at higher 
energies. 

This model has a number of phenomenological advantages which makes it interesting to 
study. First, it is extremely simple, with only a single extra particle beyond those in the SM, 
which enables calculations to be done exactly. Second, it has only two unknown parameters, 
the mass of the Z' and the mixing angle between the two Z's (which are related to the Green 
Schwarz mass term and string energy scale in the underlying theory). Third, unification of 
the extra U(l) factor with the color SU(3) causes the Z' to be leptophobic, which allows it 
to remain phenomenologically viable at TeV scale masses even after electroweak constraints 
are taken into account. We will explain this fact later on. 

In this work we report a phenomenological study of the MQSM neutral boson. First, we 
consider indirect limits at the Z resonance obtaining allowed regions for the Z — Z' mixing 
angle and the Z' mass. The above analysis is performed through a \ 2 statistics at 95% 
C.L., including correlation data among the observables. Later, we search for Z' bosons in 
di-electron events produced in pp and pp collisions at Fermilab-Tevatron and CERN-LHC 
colliders, respectively. We also search for event signals in the top channel at LHC. 

2 The Model 

The standard model group SU(3) x SU(2) x U{\) ~ U{3) x Sp(l) can be accommodated in a 
two-node quiver model that is only a product of two groups . However, the matter content can 
not, as the leptons are doublets under Sp(l) and are not charged under color. This means 
that in D-brane models we need to extend the gauge group of the standard model. The 
minimal extension requires us to enlarge the gauge group by the smallest amount possible, 
giving a gauge group U(3) x Sp(l) x f/(l), i.e. the model has three stacks of branes. The 
other possibility of U(3) x U(2) cannot accommodate right handed quarks with different 
hypercharge. The insight that the SU(2) weak group can be described as Sp(l) in string 
models has been advocated in [23J, as this reduces the required number of Higgs doublets to 
generate all Yukawa couplings at tree level. 

Using this gauge group there is only one choice for the left handed quark doublet g^, a 
bifundamental (3, 2)o- Since we know the right handed quarks have different hypercharge 
we make ur transform as (3, l)i and d^ as (3, l)_i- As described in [23], if we make the 
right handed quarks appear as two index representations of SU{3) (like they do in SU(5) 
GUT models), the Yukawa couplings for some of the quarks are forbidden. Our choice 
also eliminates the cubic non-abelian anomaly for the U(3) stack. The lepton doublet £l 
is (1,2)!, which leaves only the right handed electron to fit. The e« needs to come from 
strings stretched between the U(l) stack and itself, giving a field in a (1, 1)_2 representation 
(for a U(N) stack, these are in the symmetric representation). Finally, we can have a scalar 
Higgs field with the appropriate quantum numbers coming from strings stretching between 
the Sp(l) and U(l) stacks. The quiver summarizing the spectrum is in Table 1. 

In the end, we have mixed anomalies between the two ?7(l)'s and the SU(N) groups. It is 
simple to show that the combination Qu(3) — 3Qc/(i) has no mixed anomaly, and as expected, 
the hypercharge Qy = |Qt/(3) — \Qu(i) is anomaly free. However, the Qu(3) (gauged baryon 
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Table 1: Chiral fermion spectrum of the Minimal Quiver Standard Model, plus Higgs. Here, Qy 

qQu(3) ~ 2*2^(1) 



number) is not anomaly free, and we expect this anomaly to be canceled by a Green- Schwarz 
mechanism, where an extra coupling to a Ramond-Ramond two-form field or axion to the 
anomalous U(l) will cancel the anomaly and give a mass to the U(l). This massive U(l) 
gauge boson is the only extra particle beyond the standard model which this model predicts, 
and its mass is dependent on the specific geometry of the string construction. The effective 
lagrangian for the axionic field participating in the anomaly cancellation mechanism is the 
following 

1 



9\ 



-f a (d^)+9S,) 2 + J2 A Mx)^e^tT(F^Fp 



(1) 



Here a is dimensionless and A t are coefficients determined by the anomaly, while the vector 
field S M is the one that has mixed anomalies. In the above equation S has canonical normal- 
ization, hence the power of g in the mixing term with the axion. Under gauge transformation 



of S„ 



o,. 



d^A, we have that a transforms as a 



a + gA, so the dimension five axionic 



coupling to the rest of the gauge degrees of freedom is not gauge invariant. 

The anomaly cancels when the one loop effective action induced from integrating out 
the fermions is added to the tree level dimension five axionic coupling term, and the mixing 
between a and S is taken into account. There is an equivalent formulation in terms of an 
antisymmetric two- index tensor, described in more detail in |21j . 

If one restores units to have a canonically normalized, we find that the mass of S is 
m s ~ gf a and that the dimension five operator related to the anomaly is suppressed by 
9 2 / fa ~ g 3 /ms- When counting loops, this classical term in the action should be counted as 
a one loop term (the extra powers of g guarantee this). If tree level renormalizable decays 
are available, the high dimension operators are suppressed by g 3 and their contributions 
to decay rates can be ignored in a first approximation. At that stage we can also choose 
the Unitary gauge condition a = 0. Then we have a standard massive vector field with 
prescribed couplings to matter. The effective theory will break down at the scale f a /g 2 - 

Also notice that since we only have one Higgs doublet, all of the Yukawa couplings 
are fully constrained by experimental data. In our construction all coupling constants of 
the model, except for the mass of the extra vector particle, are fixed by the standard model 
coupling constants. In this sense, our minimal model has only one free parameter and is very 
predictive. These need to be matched at the string scale. Renormalization group running 
changes the low energy values of coupling constants and adds some small dependence on 
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the UV details of the string model. Thus, for the purposes of this paper we will allow three 
parameters to vary freely to model these effects: the mass of the new gauge boson, the 
mixing angle between that boson and the original Z, and the p parameter which describes 
the deviation of the neutral current lagrangian from the standard model. A benchmark 
model would have the string scale at 10 TeV (the scale at which coupling constants are 
matched to the string relations) and the mass of the Z' at 1 TeV. We would then have to 
account for running of the coupling constants and mixings between 10 TeV and 1 TeV before 
comparing to data. We will often refer to this benchmark point to make estimates. 

3 The Langragian 

Looking at the quiver and table for the MQSM, we see that the field content is identical to 
the Standard Model, with the exception of one extra gauge boson corresponding to the extra 
U(l) in the U(3) gauge group. In the following, we will call the gauge bosons corresponding 
to the SU(3) part of the U(3), C®, where a runs from 1 to 8, and C M is the gauge boson 
for the U(l) part of U(3). A a will likewise be the gauge bosons for Sp(l) ~ SU(2), with a 
running from 1 to 3, and B^ will be the gauge boson for the additional U(l) group. The 
gauge couplings will be called g^,92, and g 1 for the U(3),Sp(l), and U(l) gauge groups 
respectively. Also note that the gauge coupling for the C M field (the extra U(l) from the 
U(3)) is actually g$/ 'y/E, because of the difference in the canonical normalization of SU(3) 
and U(l). As discussed above in the calculation of the mixed anomalies of this theory, there 
is one combination of the C M and B^ fields which is anomaly free that we will associate with 
the hypercharge. Accounting for differences in the canonical normalization of 577(3) and 
?7(1), we find that the correct combination is 



V M = SpC^ — CpB^ (2) 




Here, we have abbreviated Sp = sin 0p,Cp = cosOp. We will continue to use this and 
Tp = tan 6p for the various angles we will need in the following calculations. Likewise, there 
is the orthogonal combination which is anomalous, and has an explicit mass term in the 
lagrangian from the Green-Schwarz anomaly cancellation mechanism: 



v; = C P C, + SpB^ (4) 

Notice that this process lets us determine the hypercharge coupling constant. We find 
that 

— — — 

g Y ~ Ag\ + 6gi (5j 

Since experimentally we have that gy is substantially smaller than g^, we find that g\ ~ py/2. 
This means that the mixing angle 9p is fairly small. Consequently, the field Y' is mostly 
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aligned with C and it couples to quarks with strength comparable to g^/yE, while it couples 
to leptons with a coupling proportional to hypercharge. The coupling to leptons scales like 
gisin#p, and it is numerically very suppressed. This means that the branching fraction of 
Y' decaying into leptons is very small compared to the branching fraction into hadrons. This 
is also the way that Y' couples to the Higgs. 

When the theory undergoes electroweak symmetry breaking, because Y' couples to the 
Higgs, one gets additional mixing. Thus Y' is not exactly a mass eigenstate. 

The eigenstates can be written as 



A, = S w Al + C W Y, (6) 

Z^ = o{C z ,C w A\ - C Z ,S W Y^ + Sz'Y'J (7) 

Z; = a(-S z C w Al + SzSwY, - C Z Y>) (8) 

with 



», = tan- I £^> I (9) 



tan" 1 ( P o I ) (10) 



pSy/Tp 

a = sec( 9 Z + 0z>) (11 



where we've defined 9w = tan 1 ( 91Cp 1 and the p parameter in the standard way, p 



M 2 

Note that 6 Z and 9 Z > are not independent, as 



M Z Z C^ 



T Z i pSy/Tp \ M 



Tz-±=^m-u (12) 



ii 



Both 9 Z and 9 Z i go to as M Z i — ► oo. er is chosen so that the Z's have canonically normalized 
kinetic terms, as will be show below. We need to invert the eigenstates, and we find that 



A\ = S W A^ + C W (S Z ,Z^ + C Z Z,) (13) 

Y„ = C W A^ - S w (S z ,Zl + CzZ^) (14) 

Y> = -C Z ,Z^-S Z Z, (15) 

The kinetic terms for the electro-weak sector in the lagrangian are 



■-F^F* - -B^B UU - - 
4 /*" 4 ^4 

where 



>C kin - —F a » v F« v - -B^B, U - -C^C, U (16) 
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Fl v = d,Al - d v A\ + g 2 {A\A\ - A\A\) (17) 

*% = d» A l ~ duAl + g 2 (AlAl - A^) (18) 

Fl = d,Al - d v A\ + g 2 (AlAl - A\A 



(19) 
B^ = d^B v - d u B^ (20) 

CV = dpC* - d v C» (21) 

Then, expressing this in terms of the physical field basis, after some algebra we find the full 
kinetic and boson self-interaction langrangian for the gauge bosons is: 

£ kin = -\f^F^ - \z^Z, u - \z'^Z'^ - D^W~ U D,W+ + D^W~D V W+ 

+ ie(F^ + cot 9 W cos 9 Z Z^ + cot 9 W sin 9 Z >Z'» V ) W+W~ 

1 e 2 

5 — (w +l *w-w +u w- - w +ti w+w~ v w-) 

2 sin 9 W * * 
-Lln(9 z + 9 Z ,)Z^Z' (22) 



2 



ji,U 



where 



Dfx = dfj, — ie(A^ + cot 9w cos 9zZ il + cot 9w sin 9 z >Z' fJ ) (23) 

and we have defined F^ = d^A v - d u A^ Z^ v = d^Z v - d v Z^ Z'^ = d^Z' v - d u Z'^. This is 
almost identical to the standard model, except with an additional Z' term in the covariant 
derivative and WW Z' interaction. 

To calculate the weak neutral current interaction lagrangian, we need to find 



g 2 Ap« + giBpQw + ^C,Q U{3) . (24) 

Using the definitions of A M , Z^, and Z' found above, we find that 

= eQA^ + (C z - S W S Z T P )T2 + (S W S Z T P - C Z S^ V )Q - Qu(3) Z^ 

dw^w V oopOp J 

+ c ri ^ z ' ~ SwC Z 'Tp)T2 + (S W C Z 'T P - S z >Sw)Q - „ c n Qu(3) Z' (25) 

OW^W \ OOpOp J 

where we've defined e = g 2 sin 9w as usual, and we take Q = T 3 + Y as the electric charge, 
with Y = |<5c/(3) — \Qu(i)- Note that as the mass of the Z' goes to oo, 9 Z and 9 Z i go to 0. 
It's clear that in this limit the first two terms reduce to the normal ones for the standard 
model. Also note that only the quarks have Qu(3) 7^ 0. 

Taking this form for the covariant derivative, and extracting charges from the quiver, we 
can write down the full neutral current weak interaction lagrangian: 
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Fermion 
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J(SM) 


f(quiv) 

yv 


f[quiv) 

ya 


v i 
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—TpSw 


—TpSw 


e j 


-1 + 4S& 


-1 


—3TpS\y 
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1 _ «Q2 
J- 3 J\v 


1 


(Tp - s?r)Sw 


—TpSw 


d 


-1 4- ^9 2 


-1 


(-Tp - 3j^)SV 


TpSw 



Table 2: Vector and axial SM couplings and the new Quiver couplings. 



C 



NC 



{L-z — owOzJ-PjJ-z + {Dwoz-Lp — ^Z^w) J EM ~ ao n J NEW I " 



SwCj 



w^w 



SwCw 



( (Sz 1 — SwCz'Tp)J 3 + (SwCz'Tp — Sz>S w )J EM — 



QSpCp 

SwCz 1 



QSpCp 



J NEW 



J 3 = -rUlI^Ul - -d L l^d L + -v l Yvl - ^e L ^e L 

2 1 - 

J^ M = -u^u d^d - e^e 



'J M 



NEW 



wy^u + d^d 



(26) 

(27) 

(28) 
(29) 



This is replicated for each of the 3 generations. The above neutral lagrangian can be written 
in a shorter way as 



C 



NC 



[h, {gi - siit) fz* + / 7 „ (g'J - g'Jis) fz"\ 



ASwCw 
where the vector and axial couplings associated with Z^ and Z' are 



(30) 



q' f 



g^ M) C z + gir v) Sz, 
g^Sz. + g^Cz, 



(31) 



with gi a the usual SM neutral couplings and gla a new "Quiver" term given in tab. 

m 

Taking into account that M\, 3> M§, it is possible to take Cz,z' ~ 1, so that the neutral 
couplings in (13T1) become 



J ~ /(SAO j_ n f{quiv) n 

yv,a yv,a > yv,a w Zj 

q'f 

3v,a 



gS uiv) + A SM) s Z '- 



(32) 



On the other hand, a small mixing angle between the two neutral currents Z^ and Z' 
could appear with the following mass eigenstates 
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7j '2i-i 



Z^Cg + Z^Se, 

— Z u Sg + Z..Cg 



(33) 



where the mixing angle 9 can be constrained by electroweak parameters at low energy. Taking 
a very small mixing angle, we can do C# ~ 1, so that the Lagrangian from Eq. (I3"U|) becomes 



C 



NC 



where the couplings associated with Zi^ are 



[fl, {G{ - G{i 5 ) fZ? + / 7 „ (G't - G"/ 75 ) fZS] 



nf — n f(SM) , r / P / _ // q , /(pre) o 

and the couplings associated with Z 2/i are 



G?Y 



9v 



f(quiv) _ r If 



X n 'f X n 'f - J Q a _ n f(SM) r, 

°9v,al °9v,a — 9v,a D 9v,a ^ Z' ■ 



(34) 



(35) 



(36) 



The mixing angle also produce an additional contribution to the WW Z' term in the la- 
grangian from Eq. (|22|) . which becomes 



£z 2 ww = iecot8 w (S z > - S e )Z^ v WjW~ 



(37) 



4 Indirect detection at CERN LEP 

The couplings of the Z\^ bosons in Eq. fl34|) have the same form as the SM-neutral couplings, 
where the vector and axial vector couplings g^ are replaced by G v>a = g^I + 8g v , a , and 
the couplings 5g v<a (given by eq. fl35l) ) contain corrections due to the small Z^ — Z' mixing 
angle 9 and the deviation of the p parameter. For this reason all the analytical parameters 
at the Z-pole have the same SM form but with small correction factors. In the SM, the 
partial decay widths of Z x into fermions // is described by [25, 26J: 



-nSM 

1 / 



NlGfMl 



qVZtt 



Wl-/^ 



fW + (i-/4)(^) : 



RqedRqcd, 



(38) 



where N[ = 1, 3 for leptons and quarks, respectively. Rqed = 1 + $qed an d Rqcd = 
1 + (1/2) (iV/ — l) Sq CD are QED and QCD corrections given by Eq. IjSTfl) in appendix 
lAl and /A = 4m|/M§ considers kinematical corrections only important for the 6-quark. 
Universal electroweak corrections sensitive to the top-quark mass are taken into account in 
Pf = 1 + p t and in g^ M which is written in terms of an effective Weinberg angle [25] 



S- 



\v 



Pt \ Q 2 

1 W . 



(39) 
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with p t = 3G fin 2 / Sy2iT 2 . Nonuniversal vertex corrections are also taken into account in 
the Zj)b vertex with additional one-loop leading terms which leads to p b = 1 — \pt and 

^ 2 = (l+p t /T w + 2p t /3)S 2 w . 

Table [3] from appendix [B] summarizes some observables at the Z resonance, with their 
experimental values from CERN collider (LEP), SLAC Liner Collider (SLC) and data from 
atomic parity violation [25J, the SM predictions, and the expressions predicted by the MQSM 
model. We use Mz x = 91.1876 GeV, S^ = 0.23113, and for the predicted SM partial decay 
given by ( J3~8l . we use the values from Eq. (|52l) (see appendix iBl) . 

The MQSM predictions from table [3] in appendix [B] are expressed for the LEP Z-pole 
observables in terms of SM values corrected by 

psm y sm y sm r SM r SM 

1 z L z L z L z L z 

ySM 

S h a d = R s c M (5 u + 5 c ) + R s b M 5 b + -$ M (5 d + 5 s ) ] 

had 

5a = $had + S e — 2<5z; 
SA, = S 4+ S 4-8 t , (40) 



9v 9a 
where for the light fermions 



2gSg[ + 2gSg[ 

g f v) + (gC ' 



(41) 



while for the 6-quark 



(3 - (3 2 K ) g b v 6g b v + 2(3 2 K g b a 5g b a 



3-0 



(42) 



(9 b v f + P 2 K (9 b a) 2 

The above expressions are evaluated in terms of the effective Weinberg angle from Eq. 
The weak charge is written as 

Qw = Qw M + ^Qw = Q S w (1 + 6Q W ) , (43) 

where SQw = AQw I 'Qw ■ The deviation AQw which contains new physics is 

AQ W = -16 [(2Z + N) (gf^Sg: + S&,* 8 *) + (Z + 2N) (gf M) 5g d v + 6^f s ^)] 

M 2 
-16 [(2Z + AT) g-C +(Z + 2N) g' a e g' v d ] ^. (44) 

With the expressions for the Z-pole observables and the experimental data shown in table 
[3J we perform a x 2 fit at 95% CL, where the free quantities Sg, M Z ' and p can be constrained 
at the Z peak. We assume a covariance matrix with elements Vij = X^a^aj among the Z-pole 



Z' boson detection in the Minimal Quiver Standard Model 11 

observables, with A the correlation matrix and a the quadratic root of the experimental and 
SM errors. The x 2 statistic with three degrees of freedom (d.o.f ) is defined as 

X 2 (S e ,M z ,,p) = [y-F(S e ,M z ,,p)} T V- 1 ly-F(S 9 ,M z ,,p)}, (45) 

where y = {yt} represent the 22 experimental observables from table [3j and F the corre- 
sponding MQSM prediction. Table H] from appendix [B] display the symmetrical correlation 
matrices taken from Ref. [2T] . 

At three d.o.f, we get 3-dimensional allowed regions in the (Sg,M Z2 , p) space, which 
correspond to x 2 < x^ in + 7.815, with Xmm = 18.93. First of all, we find the best allowed 
region in the plane Sg — M Z i for the central value p — 1, which is displayed in Fig. [2j We can 
see that the lowest bound of M Z i decreases when the mixing angle (Sg) increases, while the 
allowed interval becomes very thin. This behavior is to be expected as we note that the only 
parameter that imposes a lower bound on the Z' mass is the weak charge through Eq. (T4"4"j) . 
We see that the additional contribution AQw increases when M Z i decreases, which reduces 
the size of the allowed window for new physics in order to keep deviations from the SM. We 
also see that the plot is not symmetrical with respect to the sign of the mixing angle due 
to fact that AQw has a linear dependence on Sg. In this case, we see that negative mixing 
angles are highly restricted. In general, we find very stringent limits on the mixing angle 
with values in the region -2 x 10~ 4 < S e < 1(T 3 within the range 700 GeV < M z > < 10000 
GeV. Fig. [3] displays the allowed region in the p — M z < plane for Sg = 0. We can see in this 
case that the allowed region is very sensitive to small variations of the parameter p. At p = 1, 
the lower bound of M z i is 2 TeV; however, this bound decreases abruptly to about 400 GeV 
when p changes to p — 1 ± 0.00018. This result is within the 2<r range 0.9993 < p < 1.0026 
from electroweak global fits [25] . 



5 Direct detection at Fermilab Tevatron and CERN 
LHC 

Signals for a Z' boson can be searched for in pp collisions at Fermilab Tevatron and pp 
collisions at CERN-LHC. In lepton colliders, indirect limits on Z' properties are based on 
statistical deviations from the SM predictions, and are therefore more sensitive to having 
the systematic errors under control. This is in contrast to hadronic colliders where Z' signals 
come from direct production, but the sensitivity is dependent on the background associated 
to the hadronic enviroment. Thus, hadronic reactions are much less sensitive to parameters 
as small as the Z — Z' mixing angle pp. For example, the decay Z2 — > W + W~ can occur 
through the mixing angle, but this decay mode suffers from the SM background of the 
associated production of a W and two jets, which could spoil a possible Z' signal with very 
small mixing angles. In particular, from Fig. [2] we can see that the MQSM model exhibit a 
mixing angle of the order Sg ~ 10~ 4 for Z 1 mass in the TeV region. Thus, for the present 
analysis, the Z — Z' mixing angle can be neglected and we identify the Z and Z' bosons 
as the physical neutral bosons. On the other hand, we find an additional contribution to 
the WWZ 2 coupling through S z >, as we can see in Eq. fl37|) . However, from Eq. (Q we 
can estimate S Z i ~ — 10~ 4 for M z > = 1 TeV, which produce a suppression factor to the 
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Z' — > W + W~ decay rate. A standard tree level calculation of the W decay mode shows that 
pw w _ _f_ p^ m zi ^jch i s suppressed a factor of Tp ps 0.025 compared to the fermionic 

decay channels. Therefore we study the Z' — > // mode which exhibit a bigger signal above 
the SM backgound than the W mode. 

The differential cross section for the process pp(pp) — > Z' — >■ // is given by [1] 

^^S^W^V^M. («) 

where M = Mff is the invariant final state mass, z = cos 9 is the scattering angle between 
the initial quark and the final lepton in the Z' rest frame, K{M) ~ 1.3 contains leading 
QED corrections and NLO QCD corrections, y = l/21og[(.E +p z )/(E —p z )] is the rapidity, 
E is the total energy, p z is the longitudinal momentum, P = s 2 /[(s — Mf,) 2 + M|,r|,], yfs 
is the collider CM energy, and Mz> and Yz> are the Z' mass and total width, respectively. 
The parameters B q = [(g'l) 2 + {g' q a f\[{g'{f + (g'{) 2 } and C q = ±{g' q v g'l){gig' f a ) contain the 
couplings from Eq. ( |32l) for the initial quarks q and the final fermions /, while the parameter 
G^ = XAXB[fq/A{xA)fq/B{xB) ± fq/B(xB)fq/A{.%A)} contains the Parton Distribution Func- 
tions (PDFs) f(x), and the momentum fraction x = Me ±y / \fz. We can consider the Narrow 
Width Approximation (NWA), where the ratio r|,/M|, is very small, so that the contribu- 
tion to the cross section can be separated into the Z' production cross section cr(pp(p) — > Z') 
and the fermion branching ratio of the Z' boson BriZ' — + //) 

*(PP(P) - ff) = <r(pp(P) - Z')Br{Z' -, //), (47) 

In this section, we use the following parameters 



a' 1 = 128.91, S^ = 0.223057, T z , = 0.15M Z ,, S e = 0, p = 1, (48) 

where the total width T z> ~ 0.15M^/ is estimated from the analysis performed in the Ref. 
j. The above values imply that Sz = and Sz> ~ 5 x 10 -4 at the M z > ~ 1 TeV scale. 



5.1 Z'mqsm a ^ Tevatron 

Indirect Z— pole constraints on Z — Z' mixing allow bounds of the mass of the Z' boson as 
low as a half of the TeV scale, as we can see in Figs. [2]and[3l Thus, in principle a Z' boson 
from the MQSM could possibly be observed at Fermilab- Tevatron. Searches for Z' bosons 
have been perfomed by the CDF and DO collaboration in e + e~ [5], u^ \T [6], e/j, [7], t + t~ 
[8], and it [9] final states. The detection features (luminosity, triggering, kinematical cuts, 
etc) depends on the decay channel and are described in the above references for each final 
state. In particular, the e + e~ channel is interesting due to it's good mass resolution and 
large acceptance. A recent report of a search for electron-positron events in the invariant 
mass range 150 — 950 GeV collected by the CDF II detector at the Fermilab Tevatron [5] 
has excluded possible Z' particles for five different models: the Z' Z' ZL and Z\ bosons 
from the Eq model, and the Z' SM from the Sequential Standard Model (SSM). 
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We extend the above analysis and find limits for the Z' M q SM mass from the MQSM 
model. The detection feature is described in detail in Ref. [5] for e + e~ events based on an 
integrated luminosity L = 1.3/6 -1 of pp collisions at CM. energy y^ = 1.96 TeV, where 
events are required to have two electrons with tranverse energy E? > 25 GeV. One electron 
is required to be incident in the central calorimeter within the pseudorapidity range \n\ < 1.1 
and the other electron is allowed to be incident in either the central calorimeter or the plug 
calorimeter with 1.2 < \rj\ < 3.0. For this study, we use the CalcHep package [28J in order 
to simulate pp — > e + e~ events with the above kinematical criteria. Using a non-relativistic 
Breit-Wigner function and the CTEQ6M PDFs [29], we perform a numerical calculation 
with the parameters from Eq. ( 148|) . Fig. HJ shows the 95% CL on <j(pp — > Z')Br(Z' — > ff) 
extracted from Ref. [5] which does not exhibit any significant signal above the SM prediction. 
In the same plot, we show the corresponding falling prediction for the Z' cross section in 
the MQSM. For small invariant masses, we see that the MQSM prediction exceeds the 95% 
CL limit. A bound is found at Mz> = 620 GeV, where both curves cross. Thus, the data 
collected by Tevatron exclude MQSM Z' masses below 620 GeV, which is between 15% and 
30 % lower than what has been reported for other models [5]. 

52 %MQSM at LHC 

The design criteria of ATLAS and CMS at the LHC could reveal a Z' signal at the TeV 
scale. A collection of signatures for physics beyond the SM is reviewed in Ref. [11] accord- 
ing to the experimental objects that appear in the final state. In particular, the dilepton 
channels exhibit numerous advantages including easy triggering, low instrumental and SM 
backgrounds, and well known (NNLO) SM cross sections. Thus, we consider at first this 
channel to probe Z' bosons from MQSM. For leptons, the £ — e, u. channel, we use the kine- 
matical cuts reported in Ref. [10] and [12], based on an integrated luminosity L = 100/& x 
oi pp collisions at CM. energy -y/s = 14 TeV, where events are required to have two leptons 
with tranverse energy Et > 20 GeV within the pseudorapidity range \rj\ < 2.5. Addition- 
ally, the lepton should be isolated within a cone of angular radius AR = 0.5 around the 
lepton [10]. We use the same parameters from Eq. (l4"8l . Fig. [5^ shows the invariant mass 
distribution for the di-electron system as final state, where we have chosen a central value 
Mz> = 1000 GeV. We also show the SM Drell-Yan spectrum in the same plot. We can see 
that the Z' signal exhibits a slightly wide peak above the SM background with about 10 
events/GeV. The total cross section is shown in Fig. [5b as a function of the Z' mass in the 
range 600 GeV < Mz> < 5000 GeV. We can get the number of events using the conversion 
factor N = aL, where L is the luminosity L = 100 fb~ x . Thus, for Mz< = 1000 GeV we find 
about 1500 events, and this number of events decreases to 1 event when Mz> ~ 5000 GeV, 
which confirms the typical Z' boson LHC discovery potential. 

Another interesting channel is Z' — > it, due to the large number of events that will be 
produced at LHC (about 80 million pair events). Once the LHC precisely determine the 
top quark properties, it production will offer an excellent chance to search for new physics 
in the multi-TeV region. Although the sensitivity to new gauge bosons from quark pairs is 
reduced compared to lepton pairs due to the QCD background, a number of models have 
a preferential coupling to top quarks [UJ, [13], [H], which enhance the new physics signal. 
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For example, the MQSM model exhibit stronger vector couplings to quarks than leptons 
as we can verify in Tab. 2 due to the enhancement factor 2/3T p . Thus, we find a large 
ratio g^ qu%v > J g^ qum ' r*j 15. We are interested in signals for Z' bosons in the it mode as final 
states using the basic cuts pr{t) > 100 GeV for transverse momentum within the rapidity 
range \y(t)\ < 2.5 [J3|, [H]. A detailed discussion about the high invariant mass it event 
reconstruction from different top decay modes can be found in Refs. [11] and |14J . Fig. 
[6^ shows the distribution for pp — > it, where a small signal above the background can be 
identified for Mz' = 1000 GeV. We also show the pr{t) distribution in Fig. [6b, which peaks 
at about Mz>/2 = 500 GeV. The huge number of quark top production expected at LHC 
is confirmed in Fig. [6b corresponding to the total cross section, where we observe about 
10 6 events for a luminosity of L = 100 fb~ l and Mz> = 1000 GeV in the framework of the 
MQSM model. 

Finally, the bottom quark channel Z' — > bb exhibit better kinematical conditions than 
the top channel, due to the large mass relation m t /mb ~ 40. However, the relative width for 
the decays of the Z' into it and bb becomes near 1 for large Mz> values. The cross section of 
the signals depend of the branching ratio of Z', as we can see in Eq. (j4"Tj) . In particular, for 
the top and bottom signals, we find the following relation 



r2 /l™2\ 1/2 



T(Z'^tt) (M z ,-4m 



T(Z'-*bb) \Ml-4m 2 b 



H 



[Ml + 2m?) (gi {quiv) ) 2 + (Mf, - 4m?) ($«^ ^ 

\~~2 / \ 2 

b(quiv)\ fn/r2 /i™2\ ( b{l uiv ) 



(Ml + 2ml) (g^) + (Ml - 4m?) (gf 

(49) 

where the couplings gy Ulv) and g% v are given in Tab. [2j Using the values from Eq. 

(HI, and TJ = 0.025, we obtain that T(Z' -> ti)/V(Z' -> bb) ~ 0.85 or T(Z' -> bb) ~ 

1.1ST(Z' -* it) for M z > = 1000 GeV. Thus, the top signal is about 85% of the bottom signal 

at 1 TeV, and will increase for higher Z' masses. 



6 Conclusions 

In this paper we have performed a phenomenological study of the properties of the Z' boson 
in the MQSM model. The extra boson couples strongly to quarks, essentially as baryon 
number, and weakly to leptons. It is therefore is less constrained than other similar models 
by precision electroweak data. Specifically, we have found that direct searches at the Tevatron 
exclude masses less than 620 GeV, while data from LEP allows a parameter space with the 
Z' mass greater than 700 GeV. We also explored the detection prospects for the Z' at the 
LHC, and found that at a mass of 1 TeV, there would be a slightly wide peak in the cross 
section with about 1500 events for di-electron events, at an integrated luminosity of 100 
fb^ 1 . We also explored the top quark mode where about 10 6 events are expected. 

The exploration of this model is worthwhile because it is the simplest possible low-energy 
theory that could arise from a brane- world scenario in a string theory. Many of the properties 
of the model, like the existence of extra neutral gauge bosons, are generic across large classes 
of models using D-branes, and the economy of the model makes it possible to do a full 
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phenomenological analysis. Although the prospects for this model being exactly what will 
be observed at the LHC are slim, hopefully the results here will be useful to future model 
builders in determining the theory that best explains any upcoming experimental results. 

This work was supported by Colciencias, ALFA-EC funds through the HELEN pro- 
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Appendix 

A Radiative Corrections 

The Z decay width in Eq. (1381) contains QED and QCD corrections with Rqed = 1 + Sqed 
and R QCD = 1 + (1/2) (JV/ - l) S f QCD , where [251 [26] 



5 f 

°QED ~ 


3aQj 

An ' 






Si 

°QCD ~ 


= ^ + 1.405 f^) 2 
n \ n / 


--o 3 - 


aa s Q 2 f 

An 2 



(50) 
with a and a s the fine and strong structure constants, respectively. 

B The Zi-pole parameters 

The Zi-pole parameters with their experimental values from CERN collider (LEP), SLAC 
Liner Collider (SLC) and data from atomic parity violation taken from Ref. [25], are shown 
in table [31 with the SM predictions and the expressions predicted by MQSM model. The 
corresponding correlation matrix from Ref. [27] is given in table HI For the quark masses, 
at Z-pole, we use the following values 

m u (M Zl ) = 2.33+°f MeV; m c (M Zl ) = 677+^ MeV, 

m t (M Zl ) = 181 ±13 GeV; m d (M Zl ) = A.69±° ™ MeV, 

m s (M Zl ) = 93AtlH MeV; rn b (M Zl ) = 3.00 ± 0.11 GeV (51) 

For the partial SM partial decay given by Eq. fl38l) . we use the following values taken 
from Ref. [25] 

rf M = 0.3004 ± 0.0002 GeV; T s d M = 0.3832 ± 0.0002 GeV; 

Tf M = 0.3758 ± 0.0001 GeV; Y S V M = 0.16729 ± 0.00007 GeV; 

rf M = 0.08403 ± 0.00004 GeV (52) 
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Quantity 


Experimental Values 


Standard Model 


MQSM Model 


T z [GeV] 


2.4952 ± 0.0023 


2.4968 ± 0.0011 


rr(i + S Z ) 


T had [GeV] 


1.7444 ± 0.0020 


1.7434 ± 0.0010 


^had (! + $had) 


IV,-) MeV 


83.984 ± 0.086 


83.996 ± 0.021 


Tfgt-^l + St) 


Ohad [nb] 


41.541 ± 0.037 


41.467 ± 0.009 


*££(l+*0 


Re 


20.804 ± 0.050 


20.756 ± 0.011 


R b e M (1 + 8 had + 5 e ) 


Rfi 


20.785 ± 0.033 


20.756 ± 0.011 


R* M (l + 5 had + 5,) 


R T 


20.764 ± 0.045 


20.801 ± 0.011 


R» M (1 + S had + S T ) 


Rb 


0.21629 ± 0.00066 


0.21578 ± 0.00010 


R» M (l + 5 b -5 had ) 


R c 


0.1721 ± 0.0030 


0.17230 ± 0.00004 


R b c M (1 + S c - S had ) 


A e 


0.15138 ± 0.00216 


0.1471 ± 0.0011 


A b e M (l + SA e ) 


K 


0.142 ± 0.015 


0.1471 ± 0.0011 


A» M (1 + SA,) 


A T 


0.136 ± 0.015 


0.1471 ± 0.0011 


A* M (l + 8Ar) 


A b 


0.923 ± 0.020 


0.9347 ± 0.0001 


A» M (l + 5A b ) 


A c 


0.670 ± 0.027 


0.6678 ± 0.0005 


A» M (1 + SA C ) 


A s 


0.895 ± 0.091 


0.9356 ± 0.0001 


A s s M (l + 5A s ) 


AO,e) 
A FB 


0.0145 ± 0.0025 


0.01622 ± 0.00025 


A^ )tiM (l + 2SA e ) 


A (0,M) 
A FB 


0.0169 ± 0.0013 


0.01622 ± 0.00025 


a ^sm (1 + 5A + SA j 


A(0,r) 
A FB 


0.0188 ± 0.0017 


0.01622 ± 0.00025 


A^ M (l + 5A e + 5A T ) 


A{0,b) 
A FB 


0.0992 ± 0.0016 


0.1031 ± 0.0008 


A^ M (l + 8A e + SA b ) 


A{0,c) 
A FB 


0.0707 ± 0.0035 


0.0737 ± 0.0006 


A% )SM {l + SA e + 5A c ) 


a(0,s) 
A FB 


0.0976 ± 0.0114 


0.1032 ± 0.0008 


A^ M (l + SA e + SA s ) 


Qw(Cs) 


-72.62 ± 0.46 


-73.17 ± 0.03 


Q h w M (1 + 5Q W ) 



Table 3: The parameters for experimental values, SM predictions and MQSM corrections. 
The values are taken from Ref. WE 
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■p 
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r. 




1 






.39 


i 




A e 


K 


A T 


1 






.038 


i 




.033 


.007 


1 



Kb ti c Ah A c Ap B Ap B 



-.18 


1 














-.08 


.04 


1 












.04 


-.06 


.11 


1 










-.10 


.04 


.06 . 


.01 1 










.07 


-.06 


-.02 . 


.04 .15 


1 








T z 


O'had 


Re 


Rn 


R T 


A FB 


A FB 


A (0,r) 

A FB 


1 
-.297 


1 














-.011 


.105 


1 












.008 


.131 


.069 


1 










.006 


.092 


.046 


.069 


1 








.007 


.001 


-.371 


.001 


.003 


1 






.002 


.003 


.020 


.012 


.001 


-.024 


1 




.001 


.002 


.013 


-.003 


.009 


-.020 


.046 


1 



Table 4: The correlation coefficients for the Z-pole observables 
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Figure 1: Quiver representation for the Minimal Quiver Standard Model. The arrow direc- 
tions indicate fundamental or antifundamental representations for the U(N) gauge groups. 
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Figure 2: The allowed region for sin 6 vs Mz< with p — 1. 
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Figure 3: The allowed region for p vs Mz> with sin# = 0. 
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Figure 4: The limit on a Br as a function of the di- electron mass for the 95% CL experimental 
data in Tevatron and the prediction of the MQSM model. Both plots cross at the bound 620 
GeV. 
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Figure 5: a) Cross section distribution as a function of the electron invariant final state mass 
for Mz> = 1000 GeV in LHG b) Total cross section for e + e~ pair production. The number 
of events can be obtained using the conversion factor N = oL with L = 100000 pb~l 
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Figure 6: a.) Cross section distribution as a function of the top quark invariant final state 
mass for Mz> = 1000 GeV in LHC. b.) The top quark transverse momentum distribution, 
c.) Total cross section for it pair production. The number of events can be obtained using 
the conversion factor N = aL with L = 100000 pb~l 



